on such a three-component system consisting of a protein and two types of ionic surfactants, although mixture systems of only surfactants 12, 13 have been investigated extensively. The present use of a protein structure as a probe may be interesting for investigating the interactions in a binary surfactant system. The zwitterionic surfactant, N-dodecyl-N,N-dimethyl-3-ammonio 1-propane-sulfonate DDAPS 14 16 , was used to prepare the mixed solutions with a representative anionic surfactant, sodium dodecyl sulfate SDS . It has been found that the late addition of DDAPS deprives BSA of dodecyl sulfate DS ions to reform the protein structure, whereas the earlier addition of DDAPS disturbs the binding of SDS to the protein. These results suggest that the mixed micelle formation totally dominates the complex formation between the protein and the two surfactants.
EXPERIMENTAL PROCEDURES
BSA A1900 and DDAPS were purchased from Sigma Chemical Co. SDS was obtained from Fluka Chemie AG. A sodium phosphate buffer of pH 7.0 and ionic strength 0.014 4, 17 21 was exclusively used to prepare each solution.
The concentration of BSA was determined spectrophotometrically using ε 280 22 4.4 10 4 cm 1 M 1 and the final concentration was adjusted to 10 μM. Circular dichroism CD measurements were carried out with a Jasco J-720 spectropolarimeter using a 1.0-mm path length cell at 25 . Since the irradiation of ultraviolet light disrupts the structure of protein 23, 24 , the cell containing the protein solution was protected from the ultraviolet beam except during the measurements. The helicity the content of α-helical structure of BSA was estimated by the curve-fi tting method of the CD spectrum using the reference spectra as determined by Chen et al. 25 . The simulation was carried out in the wavelength region of 200 240 nm at 1nm intervals. The CD spectrum of this protein can be well simulated 4, 18 21 by using the reference spectra determined by Chen et al. In the present study, the helicity, calculated by the curve-fitting method, is used as a measure of secondary structure.
RESULTS AND DISCUSSION
The secondary structure of BSA is rich in helicity. The helicity of the protein has been estimated to be 66 according to the CD spectra simulation 4, 18 21 using the reference CD spectra by Chen et al. 25 . The other secondary structure of the protein is almost a random coil, although it may contain a slight amount of β-structure 18, 26 . Such a three-dimensional structure has been shown by an X-ray crystallographic study 27, 28 of HSA, which is a closely homologous protein of BSA. The helicity of 66 indicates that the helical structures are formed at 385 amino acid residues of the total 583 residues 29 of the BSA molecule.
3.1 Secondary structural change of BSA in DDAPS solution First, we examined the structural change of BSA in a solution of the zwitterionic surfactant, DDAPS, alone. The chemical formula of this surfactant is shown in Fig. 1 for reference. Figure 2 shows the helicity change of BSA in this zwitterionic solution. The helicity gradually decreased to 55 . For reference, the dotted line in this fi gure indicates the helicity change of BSA in the solution of SDS alone 4, 18 21 . Since the helicity decreases to 50 in the SDS solution, the disrupted degree of the helical structure of BSA in the DDAPS solution is smaller than that in the SDS solution. DDAPS shows one other noticeable effect on the BSA structure: the secondary structural change mostly occurs far above the CMC of the surfactant. The CMC of DDAPS was 2.5 mM in the buffer used in the present study, as determined by the conventional surface tension method. .
0.01 mM BSA. If so, the actual CMC of DDAPS in the mixture is anticipated to be 4.5 mM bound 2 mM 2.5 mM the CMC in the buffer in the DDAPS-BSA solution used in this study. Nevertheless, the helicity of BSA continued to decrease to 50 mM DDAPS total concentration . However, in the case of interaction of BSA with an ionic surfactant such as SDS, the structural change is generally completed until the free unbound concentration of surfactant ion reaches the CMC value in the protein-surfactant system 1 5, 17, 21 . This means that the protein-surfactant complex formation is completed before the surfactant micelle formation. Generally, the protein-surfactant complex is a micelle-like aggregate formed around the protein 4, 5, 30 . This aggregate is formed by many surfactant ions that gather around a water-soluble protein polypeptide chain, as shown schematically in Fig. 3 . However, in the DDAPS solution, the secondary structural change of BSA continues far above the supposed CMC of the surfactant in the presence of the protein, as mentioned above. This fact suggests that the formation of DDAPS micelle simultaneously proceeds with the formation of the BSA-DDAPS complex above a certain surfactant concentration. As mentioned above, many surfactant ions gather on a water-soluble protein polypeptide to form a micelle-like aggregate Fig. 3 . An important trigger for the formation of such an aggregate is considered to be the electrostatic interaction between the charged hydrophilic group of the surfactant ion and the oppositely charged residues of the water-soluble protein polypeptide. The hydrophobic chains of the surfactant ions, the hydrophilic groups of which are electrostatically bound to the protein polypeptide in this manner, can interact with many hydrophobic chains of the surfactant ions in bulk to form micelle-like aggregates at particular sites on the protein polypeptide. Although only restricted amounts of surfactant ions electrostatically interact with protein, the existence of this electrostatic interaction is significant in the formation of protein-surfactant complex. Therefore, the electrostatic interaction of DDAPS with a water-soluble protein must be weak compared with the ordinal monovalent surfactant ion. This is because the zwitterionic surfactant, DDAPS, has a positive charge and a negative charge in the hydrophilic group Fig. 1 . These two types of charges may mutually weaken their electrostatic effect on some charged materials out-side of the surfactant molecule 14 16 .
In addition, the size of the hydrophilic group of DDAPS is bulky compared with those of ordinal monovalent ionic surfactants. The hydrophilic group of this surfactant does not appear to interact effectively with the positively or negatively charged residues of water-soluble protein polypeptide, that is, the above-mentioned trigger does not work The bold curve corresponds to a single protein polypeptide chain, and "S-S" indicates the disulfi de bridge linking parts of the polypeptide chain. The symbols of "+" and "-" on the polypeptide chain indicate the locations of positively charged residue and negatively charged residue, respectively. An ionic surfactant ion is illustrated by a small circle (hydrophilic group) and a wave line (hydrophobic group). In this model, the surfactant ion is assumed to be negatively charged. This model emphasizes that the negatively charged hydrophilic group of this surfactant ion strongly interacts with the positively charged residue, and thus, the interaction triggers the formation of micelle-like aggregates on the polypeptide chain. This is because hydrophobic groups of many surfactant ions tend to aggregate around the hydrophobic group of the surfactant ion, which electrostatically interacts with the positively charged residue on the polypeptide. In other words, this electrostatic interaction plays a role to combine such a micelle-like aggregate to the protein polypeptide. Only the micelle-like aggregate in the lower left part of the fi gure is schematically shown to be formed around a hydrophobic moiety of the polypeptide chain without the above trigger due to electrostatic interaction.
suffi ciently in the complex formation between DDAPS and BSA. Therefore, the formation of DDAPS micelle is considered to proceed simultaneously with the formation of BSA-DDAPS complex above a certain surfactant concentration, and then, the binding of DDAPS to the water-soluble protein gradually proceeds over a wide concentration range of the surfactant.
3.2 Secondary structural change of BSA in mixture of SDS-DDAPS The secondary structural changes of BSA in the binary surfactant system of SDS and DDAPS were examined in two ways. One was the addition of DDAPS to BSA denatured by SDS. The other was the addition of SDS to BSA denatured by DDAPS. The results show that the fi nal helicity of the protein depends on the final concentrations of these two surfactants, irrespective of the additive order. Although the additive order of these two surfactants to BSA does not cause a signifi cant difference in the fi nal helicities of the protein, their functions may be different. The late addition of DDAPS mostly recovers the BSA structure denatured by the SDS, while the earlier addition of this surfactant disturbs the SDS binding, as described below.
The helicity changes of BSA in the binary surfactant system were divided into three patterns, depending on the SDS concentration as shown in Figs. 4 a -4 c . The fi rst pattern of the helicity change was observed upon the late addition of DDAPS to BSA in 1mM SDS solution as shown in Fig. 4 a . Before the addition of DDAPS, the helicity of BSA slightly decreased because of the SDS denaturation of this concentration. When DDAPS was added later to BSA denatured by 1mM SDS, the helicity did not change until the concentration reached 20 mM DDAPS. In this DDAPS concentration range below 20 mM, the added surfactant ions are considered to form mixed micelles with free DS ions in bulk. Beyond 20 mM DDAPS, the helicity began to decrease gradually. The protein structure is affected by the binding of both DDAPS and SDS in this concentration range only. At a DDAPS concentration of 20 mM, where the helicity begins to decrease irrespective of the additive order, the mixing ratio of this surfactant DDAPS 4, 17 . On the contrary, when 1 mM SDS was added later to BSA equilibrated with DDAPS solutions of various concentrations, the same helicity change was observed as that shown in Fig. 4 a . It seems upon the late addition of 1mM SDS to BSA in the DDAPS solutions above and below 20 mM that certain amounts of DS ions preferentially bind to BSA to disrupt its structure to some degree, and the remaining DS ions form mixed micelles with pre-existing DDAPS ions. The BSA structure is considered to be affected only by SDS binding in the presence of DDAPS below 20 mM in the fi rst pattern. mM SDS. In the SDS concentration range between 2 and 5 mM, the native helicity of BSA was rather lost by the effect of the SDS denaturation. When DDAPS was added to BSA with the coexistence of SDS of these concentrations, the helicity further decreased until certain DDAPS concentrations. The helicity became a minimum at 2 and 5 mM DDAPS in the presence of 2 and 5 mM SDS, respectively. These total surfactant concentrations give a value of 0.50 for DDAPS RATIO in mixture . Thereafter, the helicity abruptly increased until 7.5 and 12.5 mM DDAPS at 2 and 5 mM SDS, respectively, as seen in Fig. 4 Fig. 4 b , while the original helicity is 66 . This is the same recovery extent seen in the third pattern below. The helicity of 63 was obtained at 1 mM SDS in the absence and the presence of DDAPS below 20 mM Fig. 4 a . This suggests that a slight disruption of the helical structure induced by SDS is very signifi cant. Such an incomplete recovery of BSA structure has been observed in the recovery by SDS from urea denaturation 6, 7 . When DDAPS was added beyond 25 mM to BSA coexisting with 2 mM SDS, the helicity began to decrease again. The DDAPS concentration of 25 mM gives a DDAPS RATIO in mixture of 0.93. This value is close to 0.95 at 1 mM SDS as described above. In the present experiments, the maximum concentration of DDAPS was 50 mM and the solution became turbid beyond this concentration. If it is possible to prepare DDAPS concentrations above 65 mM in the mixture with 5 mM SDS, a decrease of helicity might be observed around this DDAPS concentration where DDAPS RA-TIO in mixture approaches the range of 0.93-0.95.
As can be seen in Fig. 2 , the decrement of helicity is small in the solutions of DDAPS alone below 5 mM. In the second pattern, when SDS is added later to BSA equilibrated with DDAPS below 5 mM, most of the initial decrease of helicity is considered to be caused by SDS binding. However, upon the late addition of 2 and 5 mM SDS, the mixed micelle formation might take precedence over the SDS binding to BSA above 2 and 5 mM of pre-existing DDAPS, respectively.
The last pattern of the helicity change of BSA was observed with the coexistence of SDS above 6 mM, as shown in Fig. 4 c . In this SDS concentration range, the native helicity of BSA was further diminished by the effect of the SDS denaturation 4, 17 . When DDAPS was added to BSA coexisting with SDS above 6mM, the helicity increased until certain DDAPS concentrations. After keeping a constant helicity within a particular DDAPS concentration range, it increased again beyond 7. value of 0.75, the helicity of BSA is anticipated to plateau around 60 mM DDAPS with the coexistence of 20 mM SDS, if it is possible to prepare the mixed solutions containing DDAPS until 60 mM. In the third pattern, the helicity tends to recover with the late addition of DDAPS. In the presence of SDS above 6 mM to show the third pattern, the secondary structure of BSA suffers most of the denaturation effect by this surfactant before the addition of DDAPS. The CMC of SDS is 5.5 mM in the present buffer 4, 17 .
Since where the concentrations of DDAPS are rather high compared with those of SDS, the added DS ions preferentially form mixed micelles, in other words, such an overwhelming coexistence of DDAPS tends to disturb the binding of DS ions to BSA. These tendencies have been observed for DDAPS RATIO in mixture above 0.50 in the second pattern.
Competition between Complex Formation and Mixed
Micelle Formation The present results are examined again from the point of view of the competition between the complex formation and the mixed micelle formation. The hypothesized soluble states of DS and DDAPS ions in the mixture containing BSA are shown in Fig. 5 . The total amounts of micelles of SDS alone or DDAPS alone is considered to be negligible in the present mixture. Further, it is assumed in the examination that the total amounts of these surfactant ions at the interface and their monomers in bulk is also negligible in the mixture consisting of the present surfactant concentrations. Therefore, most of the both surfactant ions are considered to participate only in the mixed micelle formation or the complex formation with BSA. In the general complex formation between a water-soluble protein and a surfactant ion, the amount of surfactant ions bound to the protein increases with an increase in the total surfactant concentration until the binding saturates and the change of protein structure proceeds with the progress of the binding 4 . On the other hand, the composition ratio of a particular surfactant in the mixed micelle of a binary surfactant system is expected to change with the mixing ratio of the surfactants. In the case of the SDS-DDAPS system, the aforementioned ratio of DDAPS, DDAPS RATIO in micelle , would change rather fl exibly depending on the mixing ratio with the other surfactant, SDS.
It should be noted that, in the examination of the change of DDAPS RATIO in micelle in the present mixture, the helicity of BSA tends to change at a particular value of DDAPS RATIO in mixture with the coexistence of SDS of several particular concentrations. In the fi rst pattern of the helicity change at 1 mM SDS Fig. 4 In the initial stage of the second pattern of the helicity change Fig. 4 b , DDAPS ions predominantly bind to BSA together with some of DS ions. The initial decrease of helicity in the range of DDAPS RATIO in mixture below 0.50 is considered to be caused by this preferential binding of DDAPS to BSA which already binds some of DS ions. However, beyond the DDAPS RATIO in mixture around 0.50 in the second pattern, the addition or coexistence of DDAPS tends to deprive BSA of bound DS ions. As a result, the helicity abruptly recovers. In the range of DDAPS RATIO in mixture between 0.50 and 0.75, the mixed micelle formation seems to become predominant. The value of DDAPS RATIO in micelle is also expected to change in a similar range as that of DDAPS RA-TIO in mixture . In the case of the late addition of DDAPS to the BSA-SDS mixture, the fact that DDAPS deprives the protein of bound DS ions is also observed in the third pattern of helicity change Fig. 4 RATIO in mixture around 0.75, the excess amounts of DDAPS ions predominantly form the mixed micelles. In the case of the late addition of SDS to the BSA-DDAPS mixture, the overwhelming coexistence of DDAPS disturbs the binding of DS ions to BSA in the second and third patterns. This coincides with the predominance of the mixed micelle formation over the complex formation. The preference for the complex formation or the mixed micelle formation depends on the extent of the disruption of BSA structure denatured by the coexistence of SDS. In this study, the helicity is the measure of the extent of disruption of the protein structure. Only in the initial stage of the second pattern where the disruption of the structure is left unfi nished, the complex is preferentially formed below a value of DDAPS RATIO in mixture around 0.50. Except for this stage of the second pattern, the mixed micelle formation dominates below a value of DDAPS RATIO in mixture around 0.95. In some particular range of DDAPS RATIO in mixture between 0.50 and 0.75 in the second and third patterns, the mixed micelle formation accompanies the removal of DS ions bound to BSA upon the late addition of DDAPS to the BSA-SDS mixture. Upon the addition of SDS to the BSA-DDAPS mixture, the mixed micelle formation is accelerated by the coexistence of DDAPS which disturbs the binding of DS ions to BSA. These suggest that the most stable mixed micelles are composed with DDAPS RATIO in micelle in a similar range to DDAPS RATIO in mixture between 0.50 and 0.75. The shape and size of mixed micelle have been examined in the studies of binary surfactant systems. In the case of ionic/zwitterionic mixed micelles, a sphere-to-rod transition has been proposed to occur with an increase in the composition of the zwitterionic surfactant, since the electrostatic interactions between the dipolar head groups of this surfactant are much weaker 13 . In the binary mixture of anionic SDS and zwitterionic tetradecyldimethylamine oxide, this transition seems to occur around a zwitterionic surfactant composition ratio of 0.80 13 . A similar shape transition can be expected to occur at high DDAPS RATIO in mixture in the present binary surfactant mixture containing BSA.
